Sweetpotato roots were stored under a continuous flow of 0% or 1% O 2 (balance N 2 ) or air for 7 days at 20°C to study the effects of short-term exposure to low O 2 on their physiological responses and quality. During the course of the experiment, no visible signs of injury or decay were observed. However, low O 2 treatments increased the soluble solid content and weak off-odors were detected by olfactory evaluation in roots stored at 0% O 2 . The intensity of off-odors increased as the concentrations of acetaldehyde and ethanol increased in roots during storage. Ethanol concentrations were higher than those of acetaldehyde, which remained low during storage in 1% O 2 and air, but increased greatly in roots stored at 0% O 2 . Pyruvate decarboxylase (PDC) activities in roots exposed to 0% or 1% O 2 increased by 3.1-and 2-fold respectively over levels in roots stored in air by day 7. Alcohol dehydrogenase (ADH) activities in roots exposed to 0% or 1% O 2 increased by 1.6-and 1.7-fold respectively over levels in roots stored in air by day 7. ADH-specific activity was about 10-times that of PDC. The pH of root homogenate exposed to air remained constant, whereas the pH increased and decreased, respectively, in roots stored at 0% or 1% O 2 . PDC showed stability over the pH range 5.5-7.0, whereas ADH exhibited stability over the pH range 6.0-7.5. The Km of PDC in sweetpotato was 0.56 mM for pyruvate, whereas the Km of ADH was 0.19 mM for acetaldehyde. From these results, there may be some potential for the short-term exposure of sweetpotato roots to low O 2 in place of low temperature treatment to prolong shelf-life, although ethanol fermentation may be accelerated under low O 2 atmospheres.
Introduction
Sweetpotato is an important food crop in many parts of the world. Desirable traits include wide ecological adaptability, low input requirements, high yield potential, high nutritional value, and being the choice of farmers in different cropping patterns (Truong and Nagahama, 1994) . This crop is grown throughout the tropics and sub-tropics, is adaptable to diverse environments, and can be high-yielding. With proper curing and controlled conditions of storage, sweetpotato can be held for 10 to 12 months in temperate climates or under refrigeration. However, the shelf-life of sweetpotato roots may be limited by various types of deterioration, e.g., weight loss resulting from shriveling, rotting, sprouting, or changes in sensory properties. The relative importance of the type of deterioration varies depending on the storage environment (Rees et al., 2003) . In particular, in many tropical, developing countries, sweetpotato roots have a shelf-life of only 1 to 2 weeks during marketing. Rapid deterioration is a result of exposure to environmental conditions, and is exacerbated by mechanical damage during handling and transport (Rees et al., 2003) . Consequently, improved storage methods that decrease losses without resulting in undesirable raw product quality changes are of interest. While an extended marketing period can be achieved with refrigeration, an alternative low-cost method that prolongs shelf-life would be useful, particularly for small-scale producers in developing countries.
Short-term exposure to low O 2 and/or high CO 2 may be of economic benefit during the transport or storage of some fresh horticultural products. If a controlled atmosphere (CA) treatment can be combined with an existing handling operation (curing, transport, and 259 storage) so as not to disrupt the supply chain or require the construction of special treatment facilities, then the likelihood of it being adopted is good (Delate and Brecht, 1989) . For example, in asparagus (Torres-Penaranda and Saltveit, 1994) , tomato (Klieber et al., 1996) , and apricot (Botondi et al., 2000) , when there is limited potential for the use of refrigeration. Many beneficial effects of CA or modified atmosphere (MA) storage have been attributed to the physiological effects of low O 2 , such as a decrease in the respiration rate and ethylene evolution, decay in the onset of the climacteric rise, and retardation of ripening (Kader, 1986) . In contrast, exposing products to stressfully low O 2 levels for long periods can lead to abnormal ripening, browning of tissues, and the accumulation of ethanol and acetaldehyde (Ke and Kader, 1992) . During fermentation, acetaldehyde is produced from pyruvate by pyruvate decarboxylase (PDC). Acetaldehyde is then converted to ethanol by alcohol dehydrogenase (ADH) using NADH. Hence, ethanol is usually the major end-product in low O 2 -stressed commodities (Ke and Kader, 1992) .
Furthermore, short-term exposure to CA with very low O 2 and/or very high CO 2 levels may have potential benefits such as killing insects, disease control, and alleviation of some physiological disorders. Delate and Brecht (1989) showed that the exposure of sweetpotato roots to low O 2 levels required to control insects was not feasible during curing. However, cured sweetpotato roots can tolerate CA treatments which have a potential as quarantine procedures. Moreover, exposure of cured sweetpotatoes to CA treatments had little effect on postharvest quality. Insect control by CA treatment depends on the species of insect, its life-cycle, CA composition, temperature, and relative humidity. It is therefore critical to optimize atmospheric conditions, temperature regimes, and the duration of treatment during crop exposure to low O 2 . The basis for the sensitivity or tolerance of harvested horticultural crops to low O 2 atmospheres is still unknown. In this study, we investigated the effects of short-term exposure to low O 2 on the physiological responses and quality of sweetpotato roots to determine the potential for using CA treatment to extend the post-harvest life of sweetpotato roots.
Materials and Methods

Plant materials and treatments
Sweetpotato (Ipomoea batatas L. Lam, 'Narutokintoki') roots were obtained from a local wholesale distributor in Sakai, Japan, transported to our laboratory, and kept overnight at 20°C. Twelve roots were selected for uniformity of size, shape, and free of defects and placed in 7 L glass jars. There were ventilated with humidified air (control) or the desired gas mixture at a flow rate of 250 mL·min −1 for up 7 days at 20°C in order to maintain CO 2 below 0.3% and an ethylene-free atmosphere. Gas compositions were 0% and 1% O 2 (balance N 2 ) and oxygen levels were checked routinely by a gas chromatograph (Yanaco Model G80, Tokyo). The gas chromatograph was equipped with a thermal conductivity detector and a stainless steel column (3 mm × 1.0 m) containing the molecular sieve 5A, operated at 60°C.
Determination of quality and pH
At each sampling time, three roots per treatment were evaluated for their external appearance, off-odor, soluble solid content (SSC), and pH. Roots were also checked for external injury and any incidence of decay. Sweetpotato roots were cut longitudinally to detect offodor by olfactory evaluation by all nine authors (five males and four females) and rated from the typical odor of sweetpotato roots to a nauseating off-odor. Off-odor was described as fermented and/or decay-type. Samples of tissue were then taken from the inner surfaces of longitudinally cut roots and homogenized with a pestle and mortar to determine SSC and pH. SSC was measured with a digital refractometer (PR-101, Atago, Japan), calibrated against water. SSC values were calculated by averaging three different determinations per root, and expressed as the percent SSC. The pH of the homogenate was measured with a glass electrode and pH meter (F-24, Horiba, Japan).
The same roots used from the previous analysis were peeled, frozen in liquid nitrogen after various intervals of storage, and stored at −85°C for subsequent ethanol, acetaldehyde, and enzymatic analyses.
Ethanol and acetaldehyde determination
Ethanol and acetaldehyde levels were determined according to the method of Sugiura and Tomana (1983) . Frozen tissue (5 g) was homogenized with a chilled pestle and mortar in 10 mL cold-acetone. The homogenate was quickly transferred to a cold screw-capped glass bottle and stored at −20°C. The homogenate was filtered through Advantec No. 2 filter paper. One µL of the filtrate was injected into a gas chromatograph (Hitachi 163, Tokyo, Japan). The gas chromatograph was equipped with a flame ionization detector and a stainless steel column (3 mm × 1.0 m) containing 50/80 mesh Porapack Q. It was operated at 140°C. The ethanol and acetaldehyde concentrations in the sample were calculated from the comparison of peak areas with those of standard solutions containing known concentrations of each compound in acetone. Amounts of ethanol and acetaldehyde were expressed as µL per 100 g fresh weight of flesh.
Enzyme extraction and assay
Enzymes were extracted following the method of Ke et al. (1994) , with the following modifications: frozen tissue (5 g) was homogenized with a chilled pestle and mortar in 20 mL of 100 mM MES buffer (pH 6.5) containing 2 mM dithiothreitol and 1% (w/v) poly-vinylpyolidone (PVP). The homogenate was filtered through two layers of Miracloth, and the filtrate was centrifuged at 13000×g for 20 min. PDC and ADH activities were assayed as described by Ke et al., (1994) . The quantification of enzyme activity was performed by monitoring the oxidation of NADH at 340 nm using a spectrophotometer (JASCO V-530, Tokyo, Japan). Enzyme activities were expressed as moles of substrate used per min per gram of protein. Protein was assayed according to Bradford (1976) , using bovine serum albumin as the standard. For in vitro studies of enzyme kinetics, several assay pH values were used to determine the optimal pH and pH stability of PDC and ADH activities. Also, several substrate concentrations of pyruvate and acetaldehyde were used to study the changes in PDC and ADH activities.
Statistical analyses
All treatments were carried out in triplicate. Experimental data are the mean ± SE of three replications for each sample. Where possible, means were compared using Tukey's test.
Results and Discussion
During the course of the experiment, no visible signs of injury or decay were observed in any stored roots. The SSC of sweetpotato roots kept in air remained constant, but increased in roots kept in 0% O 2 after 7 days (Table 1) . It has been reported that short-term exposure to low O 2 atmospheres generally has little effect on SSC (Imahori et al., 2002b; Ke et al., 1994) . However, Chang and Kays (1981) reported that sweetpotato roots stored at low O 2 concentrations below 5% accumulated more total sugars than roots stored at higher O 2 concentrations. The storage of sweetpotato induces many changes in the carbohydrate fraction of the roots. Carbohydrate transformations in stored sweetpotato roots involve the initial breakdown of starch into reducing sugars and dextrin, with sucrose being synthesized from the reducing sugars. Thus, at low O 2 concentrations, reducing sugars may have been utilized via the respiratory pathway more rapidly than at higher O 2 concentrations. But the production of sugars was greater than their utilization, and consequently, SSC in sweetpotato roots increased at 0% O 2 .
Weak off-odors were detected in the roots stored at 0% O 2 on the third day of storage. The intensity of this off-odor increased as storage progressed, with increasing development of an alcoholic odor. Thus, these roots looked good but smelt bad. However, treatment with 1% O 2 did not significantly influence sweetpotato root odor during the experimental period. The occurrence of offodor is an important detrimental effect of low O 2 treatments, and the tolerance of horticultural crops to low O 2 may generally be limited by this problem. It has been reported that alcoholic or other off-odors occur in sweetpotato roots kept in less than 7% O 2 . This problem was related to the accumulation of ethanol associated with an anaerobic atmosphere (Delate and Brecht, 1989) . The development of off-odor in a commodity is thought to be caused by the accumulation of ethanol, acetaldehyde, ethyl acetate, and probably some other volatile compounds formed under anaerobic conditions.
The concentrations of acetaldehyde in sweetpotato roots did not change during storage in air, but slightly increased in 1% O 2 . In roots exposed to 0% O 2 , the acetaldehyde concentrations increased by 9-and 35-fold on days 3 and 7, respectively (Fig. 1A) . Ethanol concentrations were much higher than those of acetaldehyde (Fig. 1B) . The concentrations in roots kept in 1% O 2 and air were very low and did not change during storage. However, in roots at 0% O 2 , the ethanol concentrations increased by 37-and 319-fold on days 3 and 7, respectively (Fig. 1B) . It is well-known that the accumulation of ethanol may contribute to off-odor in fruits and vegetables (Kader, 1986; Toivonen, 1997) . Accumulations of both acetaldehyde and ethanol are primarily associated with anaerobic atmospheres, and higher ethanol contents cause a fermented off-odor in sweetpotato roots. The activities of PDC in sweetpotato roots exposed to air did not change much during storage. However, PDC activities in roots exposed to 0% O 2 increased 3.1-and 3.3-times greater than those in air by days 3 and 7, respectively. In roots exposed to 1% O 2 , the activities increased 2-times by day 7 compared with the control (Fig. 2A) . ADH activities in the roots exposed to 0% and 1% O 2 increased to 1.6-and 1.7-times greater than those in air by day 7, respectively ( Fig. 2B) . The ADH activity in sweetpotato roots was about 10-times that of PDC activity (Fig. 2) . PDC and ADH activities of sweetpotato roots were higher than those of the bell pepper (Imahori et al., 2002a) , Japanese pear (Imahori et al., 2002b) , and tomato fruits (Imahori et al., 2003) . In plant systems capable of anaerobic metabolism, all the enzymes involved in ethanol fermentation showed an increase in specific activity upon anaerobic treatment. A number of flood-tolerant plants contained much larger quantities of ADH than some flood-intolerant species (Davies, 1980) . Thus, flood-tolerant species have large amounts of ADH with which to maintain a high rate of glycolysis under anaerobic conditions, and so meet the plant's need for ATP (Davies, 1980) . Fermentative metabolism results in the accumulation of anaerobic products by the action of the enzymes PDC and ADH under low O 2 concentrations (Ricard et al., 1994) . However, our results demonstrated that although low O 2 generally increased PDC and ADH activities, the changes in the activities did not necessarily correlate with the levels of corresponding end-products such as acetaldehyde and ethanol ( Figs. 1 and 2) . Discrepancies between ethanol accumulation and the apparent activity of either PDC or ADH have been reported in the bell pepper (Imahori et al., 2002a) and Japanese pear fruits (Imahori et al., 2002b) . Roberts et al. (1989) reported that ethanol production rates in hypoxic maize root tips were correlated with ADH activity when the enzyme level was very low, but at high levels of ADH activity, ethanol production was independent of this activity. Xia and Saglio (1992) also suggested that the activities of ADH and lactate dehydrogenase (LDH) were not ratelimiting factors in the accumulation of ethanol and lactate in some plant tissues if the activities of these enzymes were high. Ke et al. (1995) proposed that fermentative metabolism can be regulated by two mechanisms in avocado fruit: (1) molecular control of PDC and ADH, and (2) metabolic control of these enzymes in plant tissue under low-O 2 stresses. However, they indicated that induction of the molecular expression of these enzymes is not the major regulating mechanism; if the enzyme level is already very high even under air control, like ADH activity in avocado fruit, then it may not be critical to induce more enzyme biosynthesis. However, with a limited enzyme level, the induction of fermentation enzymes through molecular control (transcription and/or translation) is essential for the accumulation of fermentation products. Chervin and Truett (1999) demonstrated that sustained high ADH activities observed in hypoxia-treated pear fruit did not appear to be a function of sustained transcription, but instead may reflect the regulated translation of mRNAs or high enzyme stability. In our recent study, we also indicated that the increase in ADH transcription and ADH activity did not correlate with acetaldehyde and ethanol accumulation in bell pepper fruits kept in 0% O 2 at 20°C (Imahori et al., 2000) . There was no direct correlation between the relative levels of gene expression and glycolytic flux. Moreover, in many cases, mRNA and even enzyme protein reached levels in excess of what would be sufficient to account for the glycolytic flux actually observed (Ricard et al., 1994) . Therefore, metabolic control of the actual functions of the fermentation enzymes may be important in regulating fermentation metabolism. Ke et al. (1995) also suggested that changes in pH and concentrations of substrates may exert metabolic control on fermentation enzymes. The pH of sweetpotato roots exposed to air remained constant at 6.2 (Fig. 3) . However, in roots at 0% O 2 , the pH increased by about 0.3 and remained at this level during the experiment. On the contrary, in roots at 1% O 2 , the pH decreased by about 0.3 and remained at this level during the experiment (Fig. 3) . These pH values showed a similar pattern to those reported in carrot root of root crop like sweetpotato root (Kato-Noguchi and Watada, 1997; Leshuk and Saltveit, 1991) . KatoNoguchi and Watada (1997) concluded that the reduced pH might somewhat increase ethanolic fermentation. Cellular pH is very important in the regulation of metabolism. The cellular functions that take place in the cytosol are optimal at a pH near neutral (Nanos and Kader, 1993) . Acidification of the cellular pH is potentially hazardous to cells. Uncontrolled cytoplasmic acidification, caused by a failure to stop lactate production and eventually by proton leakage from the vacuole, is the cause of cell death (Menegus et al., 1989) . To maintain the neutral pH of the cytoplasm, protons are transported across membranes or are consumed or produced by cellular metabolism (Nanos and Kader, 1993) . There is a constant tendency for protons and undissociated acids to leak through the vacuolar membrane into the cytoplasm (Chervin et al., 1996) . The extent of cytoplasmic acidification in plants under low oxygen has been shown to correlate with their intolerance of stress (Xia and Roberts, 1996) . Xia and Saglio (1992) found that hypoxia-acclimated maize root tips have a higher cytoplasmic pH under anoxia than in the case of non-acclimated maize root tips. In addition, the acidification of cell sap has been induced by anoxia in non-resistant plants like wheat and barley. In contrast, cell sap alkalinization is induced by anoxia in resistant plants like rice (Menegus et al., 1989) . In rice seeding shoots, anoxia development led to alkalinization of the cell sap rather than acidification. Megnegus et al. (1989) speculated that the alkalinization in anoxic rice may be due to the production of γ-aminobutyrate from glutamate, high succinate production, and low lactate production. Metabolic proton consumption has been indicated as an important device used by plants to counteract or prevent cell sap acidification (Megnegus et al., 1989) . Although the activity of fermentation could not easily be determined because various products were formed and their rate of accumulation varies with time, generally, the fermentation activity in resistant plants like rice was known to be higher than in non-resistant plants like wheat (Ricard et al., 1994) . A number of flood-tolerant plants contained much larger quantities of ADH than some flood-intolerant species (Davies, 1980) . The fermentation activity of sweetpotato roots was higher than those of the bell pepper (Imahori et al., 2002a) , Japanese pear (Imahori et al., 2002b) , and tomato fruits (Imahori et al., 2003) . Thus, the changes in cellular pH are considered to be the controlling factor that regulates fermentative metabolism. In fact, however, the homogenate extracted from sweetpotato roots contained all components of the tissue mixed together; moreover, the vacuole and apoplast together occupied most of the tissue volume. Hence, the pH values represent an average for the entire tissue, not just for the cytoplasm. However, as moderately resistant plants, like maize, show little variation of cell sap pH, their changes deserve further attention and are convenient indexes of plant resistance to low oxygen atmospheres (Menegus et al., 1989) . Davies et al. (1974) proposed a self-controlling system for lactate and ethanol production called the pH-stat hypothesis. This hypothesis suggests that at the onset of anaerobic stress, LDH is active at an alkaline pH of the cytoplasm and shunts pyruvate and lactate. The accumulation of lactate reduces the cytoplasmic pH, which in turn inhibits LDH and activates PDC, leading to ethanol production. Then, the subsequent activation of PDC is the major reason to direct pyruvate to the production of acetaldehyde and ethanol in plant tissue. However, in anaerobic metabolism in the plant system, the enzymes involved in ethanol fermentation showed an increase in specific activity upon low oxygen treatment (Ricard, 1994) . This was due to activated gene transcription, and their enzymes would appear to be in excess. In many cases, mRNA and even enzyme protein reach levels in excess of what would be sufficient to account for the glycolytic flux actually observed (Ricard, 1994) . Therefore, PDC alone is insufficient for ethanol production under low oxygen conditions in sweetpotato roots. However, the mechanisms behind the regulation of the cytoplasmic pH appear more complex, involving other events besides carboxylic acid production. Additionally, Fox et al. (1995) demonstrated the critical role of pH in determining the switch to ethanolic fermentation in anoxic maize roots. Roberts et al. (1984) also reported that ADH played an important role in tight cytoplasmic pH regulation under hypoxia by their study with maize ADH null mutants, which are unable to regulate lactate production. The optimum pH for PDC and ADH present in crude extracts of sweetpotato roots was about 6.5 under the standard assay condition (Fig. 4) . Additionally, PDC was fairly stable between pH 5.5 and 7.0, but below pH 5.5 and above 7.0, a gradual decline in its activity was observed (Fig. 5) . ADH exhibited stability in the pH range 6.0-7.5 (Fig. 5) . Therefore, in sweetpotato roots kept at 0% O 2 , the increase in pH during storage would activate PDC and ADH. Since PDC activity was about 10-times lower than ADH activity, but in parallel with acetaldehyde and ethanol levels, also found at higher activity, it was considered to be a key regulator of ethanolic fermentation under conditions of O 2 limitation in sweetpotato roots.
Another factor could be the changes in substrate concentrations. The Km of ADH in sweetpotato roots was 0.19 mM for acetaldehyde (Fig. 6) . However, as the ADH activity in sweetpotato roots was about 10-times that of PDC activity (Fig. 2) , ADH was not likely to be the factor that limited ethanol production. Xia and Saglio (1992) also suggested that the activity of ADH was not the limiting factor for the accumulation of ethanol in some plant tissues. On the other hand, PDC was reported to be an allosteric enzyme, as indicated by the sigmoidal relationship between activity and pyruvate concentrations (Rivoal et al., 1990) . This enzyme in sweetpotato roots had a Km value of 0.56 mM for pyruvate (Fig. 7) . Additionally, when the concentration of pyruvate was less than 0.2 mM, PDC was not active. PDC became much more active if the substrate concentration was increased to 0.5 mM (Fig. 7) . Assuming that the pyruvate is entirely located in the cytoplasm, and that the cytoplasm occupies 10% of the cell volume (Davies et al., 1974) , the concentration of pyruvate will be close to 0.1 mM. This concentration would be too low for PDC in plants. However, plants switch from respiration to fermentation when oxidative phosphorylation is curtailed by oxygen limitation (Imahori et al., 2002a) . As a result, the pyruvate concentration in the treated roots could have been increased. It was reported that the internal pyruvate concentration in bell pepper fruit was between 0.05 and 0.3 mM and that low O 2 atmospheres increased the pyruvate concentration (Imahori et al., 2002a) . Good and Muench (1993) reported that levels of pyruvate as well as those of lactate and ethanol rapidly increased in barley root tissue exposed to anaerobic conditions. Such an increase in the pyruvate concentration by low O 2 atmospheres would in turn activate PDC due to a conformation change of the allosteric enzyme through combining with its substrate. Therefore, PDC activity is considered to be a key regulator of ethanolic fermentation under conditions of O 2 limitation (Tadege et al., 1999) . Bucher et al. (1994) introduced a bacterial PDC into tobacco and studied the effect of this single gene addition on the regulation of ethanolic fermentation. In wild-type tobacco leaves, PDC levels were barely detectable. In contrast, in transgenics, PDC activity increased 20-fold over that in wild-type leaves. However, when respiration was blocked by anoxia or respiratory inhibitors, a large increase in ethanol and acetaldehyde production was measured in the transgenics versus the wild-types. Thus, PDC activity was limiting ethanolic flux in vivo under anoxic conditions in tobacco leaves. Therefore, PDC was present at rate-limiting levels relative to ADH, and changes in PDC activity might be expected to modulate the flux of carbon toward ethanol under low O 2 conditions. The regulation of ethanolic fermentation is likely to be brought about by the fine control of PDC activity. This enzyme is the branching point of metabolism, where the activity level is lower than that of ADH but closer to the rate of ethanolic fermentation. Therefore, a combination of changing pH and pyruvate levels would result in an increasing capacity for ethanolic fermentation under low O 2 conditions. In conclusion, short-term exposure treatments of sweetpotato roots to low O 2 do not affect the external appearance. However, treatment with 0% O 2 gave offodors and increased SSC and pH. The 0% O 2 atmosphere also increased acetaldehyde and ethanol concentrations via enhancing the activities of PDC and ADH. On the other hand, treatment with 1% O 2 did not increase acetaldehyde and ethanol concentrations in spite of enhancing the activities of PDC and ADH.
